A bstract: We present a methodology for rapidly acquiring broadband twophoton absorption (2PA) spectra by means of a compact two-channel femtosecond fluorescence excitation apparatus. This technique is insensitive to differences in excitation and collection geometries as well as detection efficiencies between the sample and reference, in addition to variations in average power, pulse duration and spatial beam profile, as it utilizes sequential measurement of the sample and reference in each of the two cell positions. Our approach eliminates the need to determine the fluorescence quantum yields of the sample and reference, as it allows measurement of emission from samples at a common specified wavelength. These attributes allow for acquisition of 2PA spectra with an estimated accuracy of ± 15% (limited almost exclusively by the uncertainty in the 2PA cross section for the reference standards) over an excitation range of 550-1600 nanometers with a typical time per spectrum of ~30-60 minutes. We have applied this technique to determine the 2PA spectra of six commercially available organic dyes over a wide range of excitation wavelengths (670-1600 nm), which can be used as secondary reference standards emitting in the red and near-infrared spectral region (600-1000 nm). We have also characterized some of these compounds using the femtosecond-pulsed Z-scan method and found very good agreement with the fluorescence-based measurements. 
Introduction
Careful characterization of the two-photon absorption (2PA) properties of organic molecular systems is essential for 2PA applications, such as 3D optical memory [1 5] , photodynamic therapy [6 12 ], optical power limiting [13 19 ], 2PA microscopy [20 25], nanofabrication [26 32], and others. While providing critical and useful data, absolute measurement of 2PA 2 50 cm 4 ·sec·phot 1 ) over a broad range of wavelengths is usually a tedious and time-consuming task because it requires accurate characterization of the e -temporal characteristics [33] . Furthermore, if two-photon-excited fluorescence (2PEF) is being monitored, other experimental factors must also be well-characterized, such as the optical collection efficiency and wavelength dependence of the detector sensitivity. This task was significantly simplified following the first publications of reference standards for relative 2PEF measurements [34, 35] . Reference compounds with well-characterized 2PA spectra allow one to determine the unknown 2PA cross sections of a solute, by comparing their respective 2PEF signal intensities. By measuring the sample and reference serially using the same geometry, i.e. single arm [36] , the particular aspects of the excitation beam (energy, spatial/temporal profile) and the collection geometry are common to each measurement and therefore need not be accurately characterized. However, fluctuations in the beam characteristics during these sequential acquisitions can cause additional errors. Conversely, measuring the sample and reference simultaneously and normalizing for shot-to-shot intensity variation, i.e. by using a two arm system [37, 38] , automatically corrects for the variations of the excitation pulse intensity and reduces the overall acquisition time. Previously, care had to be taken in such measurements to ensure that the two arms have nearly identical excitation and collection geometries to properly eliminate their influence.
Normalization for shot-to-shot intensity variations does not address issues associated with variations in spectral responsivity of diffraction gratings and detectors. However, if the reference compound is chosen such that its fluorescence emission spectrum overlaps with that of the molecule under study, the monitoring of a common narrowband portion of these spectra eliminates the need to account for spectral sensitivity [36, 39] . The ability to perform such measurements is, of course, contingent on the existence of reference standards with appropriate emission spectra and reasonable 2PA cross sections. Recently, a large set of reference compounds with excitation wavelengths covering the range 550-1600 nm, and emission wavelengths in the 400-800 nm spectral range has been reported [33] . However, since this publication, certain reference standards with emission in the 550-800 nm spectral range have become unavailable and others possess extremely small 2PA cross sections. In particular, zinc tetrakis-(phenylthio)phthalocyanine is no longer available from SigmaAldrich, and tetraphenylporphine has 2PA cross sections below 10 GM and fluorescence quantum yield below 6%. Therefore, better 2PA standards for this spectral emission range are desired.
In this paper, we present a referential two-channel 2PA technique that is insensitive to source characteristics and instabilities, differences in excitation and collection geometries, and variations in detector response. This compact apparatus allows for rapid and broadband acquisition of 2PA spectra with good accuracy. We have employed this system for characterization of six commercially available dye compounds: Rhodamine-640, Rhodamine-700, LDS-698, LDS-798, LDS-925, and Styryl-15 (see Fig. 1 for structures), whose emission covers a critical range of wavelengths, 550-1000 nm. These compounds were found to show reasonably large 2PA cross sections and emission yields, and therefore can be readily used as secondary reference standards for 2PEF measurements. Furthermore, the determined cross sections were confirmed using the Z-scan nonlinear characterization technique, which is essentially an absolute determination method.
E xperimental
Rhodamine 6G (590 chloride) (CAS# 3068-39-1), Rhodamine B (610 chloride) (CAS# 81-88-9), Rhodamine-640 (CAS# 72102-91-1), Rhodamine-700 (CAS# 63561-42-2), LDS-698 (CAS# 87004-02-2), LDS-798 (CAS# 92479-59-9), LDS-925 (CAS# 94507-05-8), Styryl-9M (CAS# 82988-08-7), and Styryl-15 (CAS# 385437-35-4) (Exciton Dayton, OH), and spectralquality chloroform (Fisher Scientific, Pittsburg, PA), and methanol (EMD Chemicals Inc., Gibbstown, NJ) were used as obtained without further purification. Solutions with concentrations of ~0.5 2 mM were used for Z-scan, while much lower concentrations, ~0.05 mM were used to measure relative 2PA spectra, and ~0.2 µM were used for measurements of differential quantum yield for calculation of the 2PA cross sections. Low-concentration solutions of Rhodamine-700 in methanol showed photodecomposition within a few minutes of preparation; however, addition of 0.05% trifluoroacetic acid prevented this degradation (as pointed out by Exciton technical note).
Our 2PEF measurement technique is similar to that described previously [33] . Our laser system consists of a Ti:Sapphire regenerative amplifier (Spitfire, Spectra-Physics, 800-nm, 1-W average power, 100-fs pulse width, 1-kHz repetition rate) pumped by a intracavity frequency-doubled Nd:YLF laser (Empower, Spectra-Physics). The amplifier is seeded by a Ti:Sapphire femtosecond oscillator (Tsunami, Spectra-Physics), which is pumped by an intracavity frequency-doubled Nd:YVO 4 laser (Millenia, Spectra-Physics). We utilize pulses from the amplifier to pump a computer-controlled optical parametric amplifier (OPA; TOPAS-C, Light-Conversion) with a unidirectional output. The output of the OPA (~100 mW average power) is used to excite 2PA-induced fluorescence and can be continuously tuned under computer control over a broad wavelength range, 1100-2800 nm (typical FWHM 10-30 nm). The second harmonic of the OPA output can be used to reach wavelengths in the range of 550-1100 nm (~30 mW average power). Our experimental setup is shown in Fig. 2 . The excitation beam out of the OPA first passes through a set of neutral density (ND) filters mounted on two filter wheels one is a continuous ND filter to control the excitation power during power dependence and cross section measurements, and the other is a set of fixed 1 inch diameter ND filters to provide roughly the same excitation power across various ranges of the OPA output. A small portion of the femtosecond pulsed laser beam is sampled and is directed into a monochromator (MicroHR, Horiba), the output of which is sent to a sandwich diode photo-detector (DSD2, ThorLabs) to monitor the OPA output wavelength during the 2PEF measurements and the beam intensity during measurements of the dependence of the fluorescence on excitation intensity. The remaining portion of the beam is weakly focused between the two samples (S1 and S2) with a 125 mm focal length lens L1. Potential cross-talk from emission of the two samples is prevented by using a pinhole aperture (much larger than the beam size) as a block (SB) placed between the samples. The excitation beam is blocked after the samples with a beam block (BB). The average excitation power incident on the samples during the measurements of 2PA spectra is kept between ~0.2 5 mW, while the laser pulse duration is 75 150 fs (FWHM), and the spot size on the sample is ~0.2 mm (HW1/eM). In choosing the appropriate laser power, consideration should be given to avoiding white-light generation, depletion of the ground state population [40] , and thermal and nonlinear refraction effects. The emission from the samples is collected by aspheric lenses L2 and L3 (focal length = 8 mm; KPA016-C, Newport) and is sent through a set of short pass filters mounted in rotating wheels (SPFW1 and SPFW2). The collimated fluorescence is collected by fiber collimators (F810SMA-543, ThorLabs) and sent through a two-arm optical fiber bundle (BFB-455-7, Princeton Instruments) to an imaging fiber adapter (FC-446-030, Princeton Instruments) that is coupled to a monochromator (SpectraPro-150, Acton). The delivery/fiber collection system affords great flexibility in the system design. The fluorescence spectra of the sample and the reference are detected separately as two regions of interest on a CCD camera (LN/CCD-1100PB, Roper Scientific, controller: ST-133, Roper Scientific). Simultaneous detection of the spectra coupled with proper binning of the CCD can provide quite rapid acquisition. It should be noted that the footprint for the excitation-sample-collection geometry is quite small (250 mm × 150 mm) while the entire experimental arrangement shown in Fig. 2 also occupies a reasonably small area, ~80 cm × 80 cm. The acquisition time is kept in the range of ~0.5-5 seconds per step, but could be increased up to ~120 seconds for low-fluorescence samples. Further increase of the exposures is prohibited by the increasing dark electron noise in the CCD signal, which is usually kept <10 2 of the fluorescence signal. Under these conditions we can measure 2PA cross sections with brightness (product of fluorescence quantum yield and 2PA cross sections) as low as ~10 3 GM, and relative 2PA spectra with brightness as low as ~10 5 GM.
Laser system
Spectra-Physics Millenia BS1 is the beam splitter; L1 is the focusing lens (f = 125 mm); S1 and S2 are the sample holders, L2 and L3 are the collection lenses (f = 8 mm); SPFW-1 and SPFW-2 are the filter wheels with the short pass filters to cut-off the laser scattering; FC1 and FC2 are the fiber collimation lenses; SB is the aperture used to block laser scattering and potential fluorescence cross talk between the two channels; BB is the beam block.
The measurements were performed by scanning the laser wavelength and simultaneously -described above. It should be noted that no care was taken to ensure the two arms have identical excitation/collection geometries, however this will not be of consequence as described below. For each spectral range, two sets of measurements were undertaken: the sample is first placed in channel one, while the reference is in channel two, and then the measurement is repeated with the sample and reference exchanged. Under these conditions the time-averaged fluorescence signals, for the sample or reference, integrated over the exposure time T are:
where ex 2 is the 2PA cross section at the excitation wavelength, C is the concentration (in cm 3 ), 0 I is the peak irradiance in the sample, h is the excitation frequency, I x, y, z, ex is the normalized spatial beam profile, I t, ex is the normalized temporal beam profile, is the collection efficiency, is the differential quantum yield, and m in and max are the minimum and maximum wavelengths over which the emission spectra of the compounds are integrated. The 2PA cross section of the sample when measured in channels one and two, respectively, (i.e. when the positions of the reference and sample under study are reversed) can then be expressed as: 
where superscripts R and S stand for reference and sample respectively, while subscripts 1 and 2 indicate channels one and two. Assuming that the beam depletion is negligible, one can show that: 
Therefore,
where
is just a constant, which does not depend on the excitation wavelength. Note also that any effects on the irradiance distribution in the sample and reference cells due to different refractive indices in expression (3) are corrected for by measurements with the positions of the sample and reference exchanged. One can therefore obtain the relative 2PA spectrum as:
and subsequently normalize the spectrum to the 2PA cross section, measured at a single wavelength, 0 , as:
Various concentrations of the samples can be used for the measurements of the relative 2PA spectra [Eq. (6)], regardless of reabsorption of fluorescence since this will be same for all excitation wavelengths. The cross section at a single wavelength can be obtained without taking into account spectral sensitivity of the fluorescence detection if the integration across the fluorescence wavelengths in expression (4) is replaced by a narrowband (~1-nm) value of the differential quantum yield at a common emission wavelength ' for sample and reference ( , , min max ' S R S R ), chosen such that there is no reabsorption of fluorescence in both arms at this particular wavelength, as:
It therefore becomes clear that the acquired 2PA cross section is not dependent on any difference in excitation or collection geometry between the two arms, nor any differences in detector efficiency. Furthermore, the ratio, 
OD
) via one-photon excitation, can be obtained with a regular spectrofluorimeter, as discussed in [33], or could be obtained in the current 2PEF apparatus by simply generating one-photon induced fluorescence. Note that the 2 n dependence of the emission collection efficiency on the refractive index of the sample and reference is identical for two-and one-photon excitation, and therefore cancels out in the final expression for the cross section.
Since the measurements are not sensitive to pulse-to-pulse instabilities of the laser, if the experimental conditions can be chosen such that the fluorescence signals are significantly stronger than the detection shot noise, the accuracy of the measured spectra is essentially the same as for the applied reference standards (i.e. ± 15%). However, it should be noted that all fluorescence signals were verified to be within the regime of quadratic dependence on the incident irradiance.
All aspects of the measurement process, including the wavelength scan with arbitrary steps, data acquisition, and correction of the relative spectra using references are automated and computer controlled using LabView. This automation coupled with the simultaneous detection of reference and sample spectra allows for rapid acquisition. For instance, a typical acquisition (including both sets of measurements) over an excitation range of ~200 nm can be accomplished in the span of less than 10 minutes.
In the experiments discussed here, we measured 2PA spectra relative to Rhodamine B dissolved in methanol, Rhodamine 6G dissolved in methanol, and Styryl-9M dissolved in chloroform [33] nm to calibrate the absolute 2PA cross sections. We also performed femtosecond-pulsed open-aperture Z-scan experiments for LDS-698 and LDS-798 at selected wavelengths (spanning from 900 nm to 1350 nm in 50 nm steps) to verify the accuracy of the 2PEF method. The experimental setup and procedure used for Z-scan has been described previously [41, 42] . The excitation pulse energies varied from 50 nJ to 1.2 µJ, the Raleigh range from 3 to 6 mm, the M-value from 1.01 to 1.07, and the pulse duration from 60 to 120 fs. The experimental error of the Z-scan measurements ( ± 30%) consists of ~20% error in the determination of the laser pulse duration, ~10% error in the determination of the spatial dimensions of the laser beam (in x-and y-direction), ~10% error in the fit of experimental nonlinear transmission data, ~5% error in the concentration of the high-concentrated solutions, and finally ~5% error in the excitation laser power. The laser pulse durations were determined using semiconductor references with known nonlinearities (fused silica and zinc sulfide) instead of the autocorrelation measurements, and therefore yield relatively large errors. Figure 3 presents the molar extinction coefficients, normalized fluorescence and 2PA spectra of the compounds plotted versus 2PA laser wavelength (bottom scale), which is twice the onephoton absorption (1PA) transition wavelength (top horizontal scale). The insets show the names of the compounds, and the corresponding solvent that was used, while the black squares show 2PA cross sections obtained from the Z-scan experiments. A tabulated version of the 2PA spectra from the fluorescence excitation method is also given in Table 1 .
Results and Discussion
The 1PA and 2PA spectra of the Rhodamines are similar to those measured previously for other types of Rhodamines [33] . The spectra of Rhodamine-640 and Rhodamine-700 are both red-shifted compared to Rhodamine B. While in 1PA the lowest energy transition is the strongest, and is followed by a weaker vibronic side-band, an opposite behavior is observed in 2PA. There, the intensity of the vibronic peak is stronger, while the 0-0 transition manifests itself as a shoulder; this effect is qualitatively similar to many other compounds explored previously [21, 43, 44] . Similar effects were also observed for many D--D and D-A-D types of compounds [45, 46] , as well as squarines [47] and cyanines [48] , which have symmetry or effective symmetry due to high electron delocalization. While the shorter wavelength 1PA transitions are relatively weak in these Rhodamines, 2PA transitions in the same spectral region exhibit a rather strong response. This is consistent with a reasonably high degree of symmetry in these molecules leading to drastically different dipole-selection rules for 1PA and 2PA activity. For the LDS/Styryl compounds, both the 1PA and 2PA spectra show significant activity into the same broad low-energy transition. The lack of molecular symmetry and dipolar charge transfer in these systems leads to states with no definite parity and therefore 1PA and 2PA processes are able to access the same electronic states. The 1PA spectra also show another weaker transition at shorter wavelengths, which is not accessible by 2PA measurements due to 1PA absorption in the low energy portion of the linear absorption spectrum. The spectra are qualitatively similar to that of Styryl-9M [33, 49] . They are blueshifted relative to Styryl-9M in case of LDS-698 and LDS-798 due to shorter conjugation secondary reference standards for 2PEF measurements, it is important to dissolve the standards in the same solvent reported. While Rhodamines show small solvatochromic shifts between various solvents, their transitions are sharp, and therefore the usage of a different solvent could lead to serious errors in the 2PEF measurements, especially on the slopes of the transition peaks. LDS/Styryl dyes on the other hand are found to have broad transitions, but due to their large permanent dipole moment differences between the ground and excited states [49] they show significant solvatochromic effects. Their 2PA strength is also sensitive to the choice of solvent [49] , which could lead to even more significant errors in referential measurements if a different solvent is used. It is also known that the 1PA spectrum of Rhodamine B is sensitive to the effective pH of the solvent [50] , which is manifested in spectral shifts of the 1PA spectrum (up to 7 nm) in methanol, depending on the water content. However, the 2PA spectrum does not show such shifts.
We observed 1-2% changes in the peak linear absorption of Styryl-9M and LDS-925 after 20 minutes of laser irradiation with average excitation powers of about 5 mW. We also observed significant changes in the 1PA of Styryl-9M after a few hours of laser irradiation. Note also that the choice of chloroform for LDS/Styryl dyes was made to avoid significant solvent absorption with near-IR wavelengths (>1100 nm), where many other solvents usually show appreciable absorption due to C-H overtones and combination bands. However, in this solvent it is difficult to obtain concentrations of LDS-698 higher than 0.5 mM, which might cause difficulties in Z-scan measurements. In this regard, the 2PA spectrum of Rhodamine-700 was measured in 1-mm cuvette at longer near-IR wavelengths, 1150 nm, to ensure no artifacts are present due to the absorption of methanol. We also compared spectra of LDS-925 and Styryl-15 in chloroform and deuterated chloroform around 1410 nm, but did not find a significant difference because of our reference was dissolved in the same solvent. Measurements of the unknown samples in different solvents around this wavelength relative to LDS/Styryl dyes however, require either use of thin 1-mm cuvettes or deuterated chloroform to avoid artifacts due to solvent absorption.
Concluding Remar ks
We have developed a compact, two-channel femtosecond fluorescence excitation apparatus that allows for rapid, high-resolution acquisition of 2PA spectra of solutions. This referential technique is insensitive to source characteristics and instabilities, differences in excitation and collection geometries, and variations in detector response. As a result our instrumental accuracy is mainly limited by the errors associated with the reference standards used. Using well-known reference standards, we measured 2PA spectra of six commercial organic dyes selected to serve as secondary reference standards for fluorescence-based 2PA measurements with emission wavelengths in the spectral range 550-1000 nm. The 2PA spectra of these compounds cover a range of excitation wavelengths from 670 to 1600 nm. The results from this method compare favorably to those determined from a well-known, absolute nonlinear characterization method, femtosecond-pulsed Z-scan.
